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        Flash flooding is a rapid onset natural hazard and can cause extensive property 
and crop damages as well as deaths. The National Oceanic and Atmospheric 
Administration storm database reports 464 flash flood events from 1996 to 2013 in 
North Dakota causing two deaths, more than $145 million in property damage and 
$14 million in crop damage. The main purpose of this study is to identify the critical 
areas of flash flooding within two selected watersheds in eastern North Dakota. The 
research method relies on the use of a GIS-based model, the Flash Flood Potential 
Index, that incorporates physiographic characteristics from the watershed. This Flash 
Flood Potential Index has been used for predictions at various geographic locations 
from Colorado to Iowa. The index has not been used, to our knowledge, in a flat-lying 
region such as the Red River Valley of North Dakota and Minnesota. In this study, 
digital elevation models at 30 m and 3 m resolutions were used to evaluate the 
sensitivity of the index. Three different scenarios were used with changes for the 
original FFPI equation. The preliminary results include maps showing areas 
susceptible for flash flooding in the watersheds. Notably, the highest values of the 
index for this study correspond to urbanized areas and impervious surfaces such as 
roads and built spaces, and high slopes reflecting an increased vulnerability to floods 
and inundation of the watersheds. The correlation between historical events and index 
results was also tested. Some modifications of the index for flat-lying landscapes 






1.1 Natural Hazards 
Natural hazards can include severe and extreme weather and climate events 
that result in human and/or material losses. These occur all over the world, although 
some regions are more vulnerable to certain types of natural hazards. As the human 
population encroaches into regions of high risk for the occurrence of a natural hazard 
event, the result can be massive damage to both property and life (National 
Oceanographic Data Center 2014). According to (Tobin 1986, Montz et al. 2011), 
natural hazards can be categorized under earth, air, fire, water, and people. 
1.2. Geographers’ Contribution to Understanding Hazards   
The geographic connection in understanding and managing hazards goes back 
many decades. Geographer’s studies on hazards and risks have focused on examining 
underlying social and physical processes that produce hazards and which preceded the 
disaster event (Cutter et al. 2003). Harlan Barrow’s work in 1923 on geography as a 
human ecology traces the first step of hazard research in geography (Barrows 1923). 
White (1975) contributed much to hazard research with his work in reshaping flood 
mitigation policy. His work focused on identifying the distribution of hazards, the 
range of adjustments that are available to individuals, society, and how people 




Hazard work by (Palm 1981) and (James, Devine, and Jagger 1989) used both 
empirical and social analysis and recognized that hazards are inherently complex 
physical and social phenomenon (Cutter 2000). (Cutter 1996) identified nearly twenty 
definitions or conceptions of vulnerability (Cutter 1996)  and Cutter et al. 2000). 
Geographers continue to investigate natural hazards, especially with flash flooding. 
Georgakakos Guetter, and Sperfslage (1997) studied the flash flood potential for large 
geographic areas using digital spatial data and physically based hydrological models 
(Georgakakos, Guetter, and Sperfslage 1997). Zanon et al. (2010) analyzed flash 
floods across the climatic and geologic gradient in western Slovenia.   Human impacts 
of flash flooding were studied by (Sˇpitalar et al. 2014) by analyzing 21,549 flash 
floods from 2006 to 2012 across the U.S.  
1.3 Flash Flooding 
Flash flooding is one of the most disastrous weather-related natural hazards 
because of the devastating flow velocities. By definition, flash floods are a rapid 
surface water level rise in a stream or creek above a predetermined flood level, 
beginning with six hours of causative events such as intense rainfall/thunderstorm, 
dam failure, and ice jam or tsunami (Calianno et al. 2013). Inundation can occur 
within a few minutes to a few hours of the causative event and can have devastating 
impacts on both properties and lives. The occurrence of flash flooding is of concern in 
hydrologic and natural hazards science due to its top ranking in terms of both the 
number of people affected globally and the proportion of individual fatalities. 
According to U.S. National Hazard Statistics, flooding and flash flooding has caused 
more deaths over the last 30 years than any other weather related phenomenon (Flash 
Flood Guidance Improvement Team 2003). These strong floods and inundations 




socio-economic. They can lead to high financial costs that can increase exponentially 
with the social and economic development of the region in which they occur (Minea 
2013) 
Flash flooding causes an average of 140 deaths per year in U.S.  (Zogg and 
Deitsch 2013).  The impacts of flash floods are diverse and they are different than 
other natural hazards in that they are more strongly controlled by surface properties 
and spatial and temporal distribution of social exposure (Calianno et al. 2013). 
Rapidly moving water, only a few centimeters deep, can lift people off their feet, and 
only a depth of a 0.3-0.6 m is needed to sweep cars away (State of North Dakota 
2010). Rainfall intensity, rainfall duration, surface conditions, topography, and slope 
of receiving basin are controlling factors of flash flooding (Javelle et al. 2010). Flood 
waves more than 9 m high can occur many kilometers from the rainfall area, catching 
people unaware (Imbert and Perry 2000).  
Flash Flood Guidance (FFG), Gridded Flash Flood Guidance (GFFG) and the 
Sacramento Soil Moisture Account (SAC-SMA) are common empirical models used 
by NOAA and the National Weather Service (NWS). FFG takes into account a 
storm’s rainfall properties such as intensity, volume and location, as well as runoff 
properties, including routing, volume, and timing. GFFG is a distributed grid of 
threshold runoff values utilized in FFG computations as opposed to a generalized grid 
of threshold runoff mapped to county boundaries (Seo, Dugwon Lakhankar, Tarendra 
Mejia, Juan Cosgrove,Brian Khanbilvardi, Reza 2013). The Soil Moisture Accounting 
Model (SAC-SMA) is a lumped conceptual model that represents the active soil 
moisture profile as a system of two layers and used by NWS River Forecast Centers 




Gregory Smith, a hydrologist in the Colorado Basin River Forecast Center 
(CBRFC), designed the Flash Flood Potential Index (FFPI) to supplement 
conventional tools such as the Flash Flood Monitoring and Prediction System (FFMP) 
(Smith 2003). The FFPI is simple, but effective tool, and includes physiographic 
characteristics that influence the hydrologic response of a basin (Zogg and Deitsch 
2013). The characteristics include slope, land use, land cover (canopy), and soil 
texture. The process is all about developing raster datasets of each characteristic. 
Smith used the analytical capabilities of GIS to run this entire process. This FFPI 
model has been tested in several geographic landscapes such as Colorado (Smith 
2003), central Iowa (Zogg and Deitsch 2013) and upstate New York and Pennsylvania 
(Brewster 2004).  However, its applicability to areas of low topographic relief, such as 
the Red River basin of eastern North Dakota and northwestern Minnesota has not 
been tested. 
1.4 Flash Flooding in North Dakota 
Flooding in North Dakota is one of the most costly and repetitive natural 
hazards from which all 53 counties have experienced severe damages and losses to 
public and private properties (State of North Dakota 2010). According to the National 
Oceanic and Atmospheric Administration (NOAA) Storm Database (NOAA 2014), 
464 flash flood events were reported from 1996 to 2013 in North Dakota causing 
more than $145.7million in property damage and $15.015 million in crop damage.  
The Red River Basin, which is the most populated basin in the state, has 
suffered numerous major floods throughout history. One such flood event was a flash 
flood event recorded in 2000 in the Turtle River watershed. This flood resulted from 
38-50 centimeters of rainfall in the basin over a 24 hour period. This flood killed two 




North Dakota 2010; NOAA 2014). This flood event impacted Turtle River State Park 
at Arvilla with damage to the main lodge, two year-round residences, the park office 
basement, parking lots, bridges and roads. The preliminary damage estimates at the 
park were at $500,000 (NOAA Storm Event Database 2014). The Forest River, north 
of the Turtle River, experienced a flash flood in 2009 as a result of a severe 
thunderstorm. This flood caused an estimated $50,000 of crop damage and $15,000 in 
property damage (NOAA Storm Event Database 2014). Drayton experienced a flash 
flood in 2002. In 2007, flash floods led to substantial crop losses and road closures in 
Bowman, Grant, Ransom, Richland, Sargent and Stutsman counties.  According to 
NOAA Storm Event Database (2014), North Dakota’s other communities that 
experienced flash flood events very recently include Valley City, Bismarck, New 
England, Fargo, Casselton, Christine, and New Town.  
1.5 Study Objectives 
 This study uses the FFPI model to identify areas with high flash flood 
potential based on an evaluation of physiographic factors controlling the formation of 
surface runoff in two watersheds of the upper Red River basin.  
The objectives of this study are to: 1) using FFPI, identify critical areas of the 
Turtle River and Forest River watersheds of the upper Red River basin that have a 
high potential for flash flooding; 2) evaluate the sensitivity of this index to digital 
elevation models with different resolutions of 30 m and 3 m, as well as additional 
model parameters of flow accumulation; and 3) evaluate the effectiveness and 
applicability of the FFPI model compared with historical events that have occurred in 






2.1 Flash Flood Hazard 
In a global perspective, floods cause enormous damage. Overall, floods have 
killed more than 100,000 people and affected 1.4 billion people in the last decade of 
twentieth century (Jonkman 2005). In comparison with the number of the natural 
disasters over the period of 1975-2001, freshwater floods are the most significant in 
terms of number of the affected people (Jonkman 2005). Flood losses and disruption 
are significant problems in every state of the U.S. and have grown in severity in 
recent years. Gilbert White (1975) pointed out that overflowing rivers and streams 
cause significant flooding in about half of the communities and over at least seven 
percent of the total land area of the U.S. According to NOAA-NWS (2009), the most 
common flood hazards to impact the U.S. are river flooding, flash flooding, storm 
surges, and coastal flooding.   
 However, the actual time threshold may vary in different parts of the country. 
Ongoing flooding can be very deadly in the U.S. An average of 100 people lose their 
lives in floods annually, and total flood damage average 2 billion dollars per year 
(Sharif et al. 2006; Dobur 2006). Generally, the urban environments are considered 
more vulnerable to flash flooding due to channelization and lack of infiltration in the 
built environment, which will obviously increase the runoff (Cerutin and Borga 2003; 
Smith 2003,Sˇpitalar et al. 2014). Jonkman (2005), reports some important facts of 




indicated that on average flash floods kill the greatest number of people per event, 
while river floods affect the highest number of people. Flash floods in the Americas 
contribute much to the total number of fatalities due to floods, and are only second to 
river floods in Asia (Figure 1). The study by Dobur (2006) in the southeastern U.S., 
points out that the average annual number of flash flood events indicates that densely 











Sˇpitalar et al. (2014) studied 21,529 flash flood events in the U.S. to 
characterize their spatio-temporal behavior and found a strong seasonal preference for 
when the events occur. According to the study, warm months of the year are more 
favorable for flash flooding and most fatalities and injuries occur in the month of June 
and are more common in rural areas than urban regions.  
Heavy rainfall is not the only factor to produce a flash flood, since hydrology 
critically controls flash flood triggering. Factors such as antecedent moisture, soil 
permeability, and terrain gradient are all important factors (Creutin and Borga 2003). 
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Figure 1. Contribution to total number of fatalities for the 




and spatial environments, which make them one of the deadliest and costliest natural 
hazards worldwide (Kim and Choi 2011). High velocity, short lead times, fast rising 
water, and transport of sediment make flash floods extremely dangerous to property, 
infrastructure, and human lives (Creutin et al. 2012).  
According to the FEMA Emergency Management Institute (2014) riverine 
floods occur when surface water runoff exceeds the capacity of a natural or 
constructed channel, the water overflows the stream banks, spilling out in to adjacent 
low lying areas. Relatively flat areas may be covered with shallow slow moving water 
for days or sometimes weeks. But in hilly areas floods can occur minutes after the 
rainfall in large depths and high velocities. These flash floods are the most dangerous 
of all flood types. Flash floods can also be the consequence of the failure of large 
structures such as dams. These types of floods are common in steep sloped areas 
mostly and in small waterways in urban environments (FEMA 2014). One such 
flashflood was the Johnstown, Pennsylvania flood in 1889 due to the South Fork Dam 
failure. This flood killed about 2000 people and was is one of the all-time worst 
disasters in American history (Johnstown Flood Museum 2014). Another large flash 
flood was reported in Rapid City, South Dakota in 1972 after a six to eight hour 
storm, killing 238 people and the damage was estimated at $164 million (Carter, 
Williamson, and Teller 2002). The Big Thompson Canyon flash flood of 1976 is 
another disastrous event of U.S. flash flood history, which killed 145 people, 
destroyed 418 houses, and damaged more than $40 million of property and businesses 
(Lee (1996). There have been many other subsequent flash floods. Spring Creek flood 
in Fort Collins, CO in 1997 (The Weather and Climate Impact Assessment Science 
Program 2015). The Kansas City flood in Missouri in 1998 and southeast U.S. in 




in U.S. On a the global scale, flash flooding in Ethiopia in 2006 was the worst flash 
flood in history killing 364 people (World Watch Institute 2013). Russian floods and 
Philippines flash floods in 2012 were other flash floods that killed and displaced 
hundreds of people (The Guardian 2012).    
2.2 Geographic Approach to Flood Hazards 
Significant flood losses occur in the U.S. every year, making flooding the 
leading natural hazard (Hughey 2006, Tobin 1986). When tracing the history of flood 
hazard and vulnerability research, Gilbert White’s groundbreaking research on flood 
hazard and floodplain management in 1942 is considered as the initial geographic 
approach in understanding flooding as a hazard (Cutter et al. 2000; Cutter 2001). 
White (1975) focused on the perception of floodplain occupants, the risks of living on 
flood plains and the changes they adopted in different places and at different times. 
This work conducted by White and his colleagues had two basic goals, one that was 
policy-oriented and one oriented toward understanding the cognitive aspect of human 
behavior with respect to the creation or mitigation of hazard (Kendra 1997, ). (Tobin 
1986)provided a theoretical framework of flood induced changes in urban land values 
by incorporating flood hazard research and urban economics. The result showed that 
the land values will vary both spatially across the flood plain and temporally 
depending on the frequency, severity and spatial characteristics of the flood event 
(Tobin 1986). Floodplain management is one of the most important research areas of 
flood hazards. The case studies done in Duluth, Minnesota and Thunder Bay, Ontario 
facilitated more effective floodplain management policies (Tobin 1986).   
2.3 Existing Flash Flood Models 
A major challenge associated with flash flooding is the quantitative character 




to anticipate the magnitude of the event (Dowell et al. al 1996; (Garambois 2012). 
Progress in flash flood research is hampered by three main problems: (i)  downscaling 
due to incoherent space and time scales between atmospheric models and flash flood 
triggering processes; (ii) ungaged basins due to the fact that small basins prone to 
flash floods are seldom gauged and must be modeled without calibration, and, (iii) the 
limits of soil retention control of runoff under the range of rain accumulations 
considered (Reed et al. 2004, Reed, Schaake, and Zhang 2007). However, different 
studies on flash flooding have used various models and methods for flash flood 
forecasting, warning, potential, and risk assessments. Rulli and Rosso (2002) used an 
integrated simulation method for flash flood frequency assessment in the Bisango 
River in northwest Italy. They used the General Neyman-Scott Rectangular Pulses 
(GNSRP) model by as a rainfall generator model because the stream flow data were 
inadequate to predict the flash flood frequency. The GNSRP model was able to 
represent the high temporal rainfall fluctuations during the storm events and also the 
spatial variability of rainfall after calibrating with a continuous seven year record of 
hourly precipitation measurement rates across the basin area. The model played a 
major role in determining flood hydrographs of the basin. The GNSRP model was 
coupled with a rainfall runoff model called FEST98. The synthetic precipitation series 
and necessary soil and channel network parameters inputs for the model provided 
flood hydrographs. This approach was also useful to assess the effects of changes in 
land use on floods. The major uncertainty of the study was that FEST98 required 
many soil wetness and channel parameters (Rulli and Rosso 2002).  (Javelle et al. 
2010) used as event-based distributed model (AIGA) and a regression model to 
estimate antecedent oil moisture conditions to improve the accuracy of flash flood 




that the results obtained by AIGA were best for alert forecasting compared with the 
regression model. Garambois et al. (2012) investigated the potential hydrologic 
indices at different scales to improve understanding of different scales on flash flood 
dynamics characterized catchment response in a model independent approach. The 
study used hydrologic indices in combination with physically based distributed 
modeling to facilitate the calibration on ungaged catchments.            
 Historically, flash flood hazards in the U.S. have been addressed in many 
ways. Most of the existing flash flood potential and risk assessment indexes, 
guidance, warning and predictions are derived from meteorological data including 
precipitation and storm data. Drainage density and soil moisture and saturation levels 
are also supplemental data types that can help in prediction and risk assessment. 
Flash flood forecasting is one of the most difficult tasks in operational 
hydrology because of  the very short time available to produce a forecast and the fact 
that a large area needs to be monitored at a very fine scale, every small catchment 
being a “potential task”(Javelle et al. 2010). The FFG and GFFG models are based on 
hydrologic applications used by National Weather Service to monitor and predict 
imminent flash flooding depending on storm datasets (Gourley, Jonathan Erlingis, 
Jessica Hong,Yang Wells, Ernest 2012). The NWS hydrologic forecasting 
requirements span a large range of spatial and temporal scales. National weather 
service river forecast centers (NWSRFCs) routinely forecast flows and stages for 
more than 4,000 points on river systems in the U.S. using NWSRFCs (Reed et al. 
2004). The NWS established the FFG as a tool to assist forecasters with decision 
pertaining to flash flood watches and warnings over conterminous U.S.(Villarini et al. 
2010). FFG refers generally to the volume of a given duration necessary to cause 




the residual rainfall on a catchment after losses due to infiltration, detention, and 
evaporation and/or threshold runoff values, is the basis of the FFG. The relationship 
between FFG and threshold is a function of the current soil moisture conditions as 
estimated by operational hydrologic models. According to NWS (2010), FFG 
estimates the average number of inches of rainfall for a given event to produce flash 
flooding in the indicated county. The river forecast centers determine 1, 3 and 6-hour 
flash flood guidance values for all counties and 12and 24-hour values for parts of the 
eastern U.S. (Figure 2). The FFG thresholds are most frequently generated by 
NWSRFC’s using methods that range from simple empirically based relationships 
between rainfall and observed flash floods to more complex methods involving 
conceptual hydraulic models that simulate the soil moisture profile and yield rainfall-
runoff curves (Smith 2010).  
Remote sensing of precipitation using the Weather Surveillance Radar - 1988 
Doppler (WSR-88D) and the Next Generation Weather Radar (NEXRAD) network 
provides observations of instance rainfall rates at scales on the order of 1 km2 every 5 
minutes. The Flash Flood Monitoring and Prediction (FFMP) system uses this 
precipitation value, converting it to an average basin rainfall for a pre-determined 
watershed boundary (Smith 2010). There are some additional factors that control the 
initiation of flash flooding including soil moisture status, slope of underlying terrain, 
impervious surface status in developed zones. Incorporation of high resolution 
rainfall estimations and other additional controlling factors can predict the flash flood 
occurrence that is used by NWS. In GFFG, a distributed grid of threshold runoff 
values is used in FFG computations as opposed to a generalized grid of threshold 
runoff mapped to county boundaries, which goes through a multi-step process using 




threshold runoff, soil moisture accounting from the distributed hydrologic model and 
a rainfall runoff model.  The basic design of GFFG follows that of FFG in that it first 
requires Thresh-R calculations and then computes rainfall thresholds in 1, 3 and 6-
hour periods that will result in bank-full conditions given initial soil moisture 
conditions. Reed et al. (2007) demonstrated a flash flood forecasting approach called 
Distributed Hydrologic Model-Threshold Frequency (DHM-TF). This model utilized 
a long-term record of gridded precipitation. A flood frequency analysis then 
performed on the time series of simulated flows at each grid point to compute the 
simulated 1, 2, 5, year return period flows. HL-RDHM, a hydrologic model is forced 
with real time radar-based rainfall is coupled with the basic model on an hourly basis 
in forecast mode. Exceedance of forecast flows over the corresponding return period 
flows provides warning implementing flash floods (Reed 2007 and Gourley et al. 
2012). Gourley et al. (2012) used four flash flood models (FFG, GFFG, HL-RDHM 
and DHM-TF) as a comparison study. The results pointed out that all the models are 
subjected to common uncertainties, thus their skill scores can be compared in a 
relative sense. However, the DHM-TF model, which is based on a distributed 








In a further notion they mentioned that there is a need to improve the flash 
flood prediction and potential tools in order to reduce the subsequent impacts for lives 
and properties as well. The SAC-SMA is a continuous conceptual, time invariant, 
spatially lumped model that predicts soil moisture content and stream flow 
hydrographs from rainfall and potential evaporation input (Shamir et al. 2005). This 
model is used by U.S. NWS for flood forecasting typically requiring at least 11 years 
of data (Thiemann et al. 2001). The model has 17 parameters and a few of these might 
be estimated by relating them to observable characterization of the watershed (Boyle, 
Gupta, and Sorooshian 2000). The SAC-SMA model represents the soil profile within 
a river basin catchment as two zones:- an upper zone that is associated with surface 
runoff and lower zone associated with base stream flow and long-term hydrograph 
recession following precipitation events (Smith 2010).  
SAC-SMA model contains parameters and variables that represent an average 
over an entire catchment. Therefore, the model parameters must be obtained through a 
hydrological calibration process. This process requires sufficiently long enough time 
Figure 2. .Flash Flood Guidance regional map used by NWS to predict 




for model calibration (Abbot, M. B., Refsgaard, J.C. 1996). In most of the cases long 
historical data are available only for rather large gaged watersheds. This limits the use 
of the SAC-SMA model in smaller watersheds. Snell and Gregory (2002) argued that 
this model did not account for spatial variation in process, input, boundary conditions, 
and watershed characteristics.  
2.3.1 Flash Flood Models Based on Terrestrial Parameters  
Rainfall intensity is not the only factor that contributes to flash flooding. The 
duration of rainfall, topography, land cover, slope of the basin and soil moisture also 
serve as contributing factors (NOAA 2009). The dependence of flash flooding on 
terrestrial properties separates it from other weather-related hazards.  Based on 
physiographic parameters such as slope, surface, land use, land cover, soil, stream 
lengths, and perimeter, different terrain based analyses have been developed to assess 
the flash floods. (Borga 2011, Perucca and Angilieri 2011, de Gonzalo 2012,)  used 
some basic parameters (surface, perimeter, basin length, elevations and slope of the 
main riverbed) to make predictions of the behavior of unusual runoff volumes in a 
heavy rainfall. 
A combination of geology and geomorphology helps to construct a primary 
hydrological diagnosis that can be used to establish the possible behavior of the basin 
during rainstorms. According to the study by Phillips (2002) understanding possible 
hydrological behavior can predict its possible extent and impact and can be adopted 
to implement strategies of flash flood control. Perucca and Angilieri (2011) found the 
values obtained for discharge point to a probability to a serious flash flood hazard in 
Dell Molle basin using morphometric characteristics. Hydrological models such as 
TOPMODEL and SLURP, which are based on physical characteristics, are able to 




in the Paddle River Basin by (Biftu and Gan 2001) used digital terrain elevation data 
(DTED), land use data derived from Landsat-TM and hourly hydro-climatic and 
remotely sensed data to look at basin hydrological responses specially compared to 
changing land cover and vegetation cover.  
In watersheds dominated by steep slopes, flash floods may arise suddenly and 
be accompanied by other hazards such as landslides, mud flows, damage to 
infrastructure and even causalities. Carlin (2009) used land use data, soil drainage 
data, slope percentage data derived from DEMs and stream layers in ArcGIS to 
identify the susceptible areas to repeat flash flooding in La Crosse County, 
Wisconsin. The study was able to identify three levels of flash flood potential zones 
as least, moderate and most favorable. Physiographic factors may affect flash flood 
occurrence in specific catchments by combination of two main mechanisms: 
orographic effects augmenting precipitation and topographic relief promoting rapid 
concentration of stream flow (Marchi et al. 2010). Collier and Fox (2003) 
incorporated two relief effects in their procedure for assessing the susceptibility of 
catchment to flooding because of extreme rainfall in United Kingdom. They 
identified catchment slope and ratio of catchment area to mean drainage path length 
as two morphological characteristics that affects baseline susceptibility of catchment 
to flooding because of extreme rainfall. 
2.4 Flash Flood Potential Index 
 Although many flash flood potential assessment models exist, some river 
basins may not respond to the intensive rainfall in a way that forecasters expect. 
Smith developed FFPI in 2003. The goal of FFPI was to quantitatively describe a 
given sub-basin’s risk of flash flooding based on four physiographic parameters: 




Smith and others conducted a study in CBRFC using FFG and other local 
applications to identify the flash flood potential. Those methods however have proved 
to have serious limitations (Smith 2003). First, limitations are associated with the 
datasets in calculating FFG as the input data were far coarser than the spatial and 
temporal scales upon which flash floods occurred. Next, the limitation of SAC-SMA 
model in the geographic size of the SAC-SMA sub-basins far exceeded the 
geographic size of the catchment within which flash flooding may occur. Calibration 
limitations associated with the model used in FFG is another limitation of local 
applications. The calibration processes need hydrologic data of long time series that 
may not exist (Smith 2003, Smith 2010 and Zogg and Deitsch 2013). As a result, the 
project of implementing FFPI tried to supplement Flash Flood Monitoring and 
Prediction (FFMP) by providing information about the relative flash flood potential in 
FFMP basins (Smith 2003).  
 The FFPI approach addresses the physiographic properties that can make an 
area susceptible to flash flooding and whether the changes in these features or 
properties increase or decrease the area’s susceptibility to flash flooding (flash flood 
early warning reference guide).  The contribution of physiographic factors determines 
the possibility of flash flooding in a drainage area. Soil texture and structure are 
important in determining water holding and infiltration characteristics. Slope can 
determine runoff behavior. Vegetation and forest canopy affects precipitation 
interception. Land use practices, particularly urbanization, plays a significant role in 
infiltration, concentration, and runoff behavior of water (Smith 2003).   
 The initial concept of FFPI is simple. According to Smith (2003), the process 
involves acquiring or developing raster datasets that present the type of physiographic 




datasets were geo-registered and re-sampled to a consistent resolution using a bilinear 
or nearest neighborhood algorithm. A relative flash flood potential index ranging 
from 1-10 was assigned to each data layer’s attributes associated with the hydrologic 
response. For the initial analysis, a simple equal interval classification scheme was 
used. These values simply represent a grid cell’s susceptibility to flash flooding 
relative to neighboring cells. The values are unit-less. The layers were then averaged 
together and a single gridded output of relative flash flood potential was generated.  
 The index uses GIS to overlay four physiographic parameters: slope, land use, 
vegetation, and soil (, Smith 2003; Zogg and Deitsch 2013). Elevation data are 
derived from the DEM over the area. 
2.4.1 Applications of FFPI 
 FFPI has been applied in many places around the U.S. Most of these studies 
modified the original FFPI calculation with some local adjustments. Brewster (2004) 
implemented the FFPI for the weather forecast center (WFO) in Binghamton, New 
York.   He assigned weightings to slope and forest data. This study used 90 m 
resolution to represent the potential grid index. He went through a case study of a 
flash flood that occurred in the study area to compare the FFPI grid result with the 
actual event and found a perfect match between the grid index and storm total 
precipitation. Krudzlo (2010) and Ceru (2010) implemented the FFPI with some 
modifications for use at the WFO in State College, Pennsylvania. Ceru (2010) created 
a flash flood potential index for Pennsylvania by its sub-basins. He placed more 
weight on land use, land cover, and slope according to the prevailing physiographic 
setting of the study area. Krudzlo (2010) focused on the WFO Mt. Holly service area, 
and he chose to give equal weighting. Bently (2011) developed the FFPI in Indiana. 




a final calculation that fits in to the conceptual model. The final calculation depended 
more on terrain and less on canopy/vegetation percentage. The result included maps 
that visualize the counties with the least/greatest overall flood risk and FFPI per 
FFMP sub-basins. (Minea 2013) used FFPI to identify the high flash flood potential 
areas in Básca River catchment, Romania. The results obtained showed that 
physiographic factors on 227 square kilometers favor surface runoff on slopes and its 
localization towards the drainage network. Notably high human population density 
reflected an increased vulnerability to flash floods (Minea 2013).  
Zogg and Deitsch (2013) implemented FFPI at the WFO in Des Moines, Iowa. 
Their work can be interpreted as a combination of two previous studies of Mt. Holly, 
New Jersey, and Binghamton, New York. They used four different FFPI scenarios 
and each scenario featured two sub-scenarios, which express slope as a percent and as 
a degree. All four scenarios experimented by Zogg and Deitsch (2013) using different 
weightings in physiographic layers to come up with the best results.   They found that 
the difference between maximum and minimum FFPI values is minimal when 
considering slope in percent versus degrees. However, their study illustrates that slope 







3.1 Study Area 
 The study area includes the HUC 8 watersheds basins of the Turtle 
(09020307) and Forest (09020308) rivers in Grand Forks, Nelson and Walsh counties, 
North Dakota (Figure 3 and Figure 4). The two watersheds are sub-basins of the Red 
River Basin. The total drainage area of the Turtle River watershed is about 806 km2. 
The Forest River watershed covers approximately 1,916 km2. The study area was 
parsed to smaller sub-basins based on HUC 12 for LiDAR analysis. Turtle River State 
Park watershed (090203070203) and the Town of Lankin (090203080103) were 
selected for 3 m LiDAR analysis (Figure 3 and 4). The drainage area of the Turtle 
River State Park is approximately 85 km2.  
 Turtle River watershed is the largest in Grand Forks County and also 
encompasses portions of Nelson and Walsh counties. Approximately 1433 km2 of the 
total area is used for conventional tillage agriculture (Table 1). The crops include 
wheat, barley, soybeans, dry beans, canola, corn, sunflower, potatoes and sugar beets. 
Livestock production occurs in areas where crop production is not practical, including 
riparian and saline areas. The remaining land includes residential, rural homes, 
recreational areas, wildlife protection areas, gravel mining and industrial areas. The 
watersheds include several earthen dams including Larimore Dam on the Turtle River 




Table 1. Percentage of land use practices in Turtle River watershed (Red River 
Riparian Project 2013) 
Land Use Percentage  
Cropland 52 
Pasture Land 26 
Forest Land 10 
Hay land 3 




 Northeastern North Dakota is in the Glacial Plains physiographic region. In 
eastern Walsh County, the Glacial Lake Agassiz Plain is a broad, essentially flat lake 
bed filled with sediment. The elevation of the region ranges from 250 m along the 
Red River to 350 m at the western boundary of the lake basin. A series of distinct 
beach ridges or strand lines were formed by rising and lowering glacial lake levels 
during the Pleistocene/early Holocene times (Hansen and Kume 1970).  
3.1.2 Geology 
 The two watersheds are included in Grand Forks, Nelson and Walsh counties. 
Both watersheds occupy a greater portion of Grand Forks County, and the southern 
portions of Nelson and Walsh counties. The Drift Plains are the largest physiographic 
type in North Dakota. Eastern Walsh County has landforms that are related to Glacial 
Lake Agassiz (Bluemle 1973). The Drift Plains physiographic unit in Grand Forks 
County is characterized by ground moraine on Cretaceous bedrock and its eastern 



















































































































Kume 1970). The study area is basically underlain by the Coleharbor group of 
Quaternary age sediments such as lake sediments, river beach sediments and glacial 
sediments (Bluemle 1977) (Figure 5).  The geological setting of the area is 
characterized by buried Precambrian rocks that range in depth from 90 to 850 m. The 
Precambrian metamorphic and granitic rocks are overlain by Paleozoic and Mesozoic 
rocks that dip to the west at low angles. Glacial drift covers the entire area except 
along a few deeply eroded valleys where Cretaceous shale is exposed. The 
composition of the landforms are mainly of sand and gravel, silt, and clay (Hansen 
and Kume 1970).  
3.1.3 Soils 
 According to the Web Soil Survey (WSS) of USDA, there are ten dominant 
soil types associated with the entire Turtle River watershed (Table 2). Loam and Silty 
Clay Loam covers a greater portion of the entire study area. These two textures of soil 
have high infiltration rates ranging from 5 – 10 mm/hour (NRCS 2008). Generally, 
Sandy soils with infiltration rates of >20 mm/hour and the clay ranges from 1-5 
mm/hour, which are the lowest infiltration rate. The Natural Resource Conservation 
Service (NRCS) has described the soil types in terms of soil association. These soil 
associations typically consists soil type, topography and infiltration and runoff. The 
entire study area falls in three counties of North Dakota (Grand Forks, Walsh and 
Nelson). Grand Forks County has 12 soil associations, Nelson County has 9 soil 
associations and Walsh County has f 20 soil associations (NRCS 1980).  
3.1.4 Climate 































































is characterized by a wide range of temperature, variable precipitation and rigorous 
winters. Average temperatures range from -6.5° C in the winter to 20° C in summer. 
Precipitation occurs primarily during the warm period and is normally heavy in late 
spring and early summer. Total average annual precipitation for Grand Forks County 
is about 48.2 centimeters. Most of the precipitation (40.6 centimeters or 85 percent) 
falls between April and October. Average seasonal snowfall is approximately 104 
centimeters (Hargiss 2011).   
Table 2. Percentages of dominant soil texture of the Turtle River and Forest River 
watersheds (WSS 2014). 
 
3.2 Flash Flooding in the Study Area  
 According to the NOAA Storm Event Database, there were a total of 25 flash 
floods in the study area from 1996-2013 (Table 3). Intense rainfall is the common 




% of the Turtle River 
watershed 
% of the Forest 
River watershed 
Loam 35.31 47.25 
Silty clay loam 33.88 3.61 
Silt loam 9.67 14.48 
Fine sandy loam 9.07 0.31 
Sandy loam 6.99 0.13 
Silty clay 4.14 17.10 
Cobbly loam 0.52 0 
Extremely gravelly loamy coarse sand 0.29 2.77 
Gravelly sandy loam 0.10 0 
Slightly decomposed plant material 0.04 12.81 
Clay loam 0 0.67 
Clay 0 0.48 
Loamy fine sand 0 0.07 




Table 3. Flash flood events in Turtle and Forest River watersheds (NOAA Storm 
Event Database (http://www.ncdc.noaa.gov/stormevents/) 
   
Flash Flood Events from 1996 - 2013 












  Longitudes Latitudes       
MINTO -97.38 48.20 7/2/1997 0 0 
JOHNSTOWN -98.85 46.80 6/12/2000 1000000 0 
GILBY -97.47 48.00 6/12/2000 1000000 0 
HONEYFORD -97.47 48.00 6/12/2000 1000000 0 
LANKIN -97.92 48.30 6/2/2000 0 0 
FORDVILLE -97.79 48.20 6/22/2002 0 0 
LANKIN -97.92 48.30 7/31/2002 0 0 
PISEK -97.71 48.30 8/27/2002 0 0 
FOREST RIVER 
COLONY 
-97.88 48.20 6/27/2009 15000 50000 
FAIRDALE -98.21 48.40 6/27/2009 40000 100000 
Turtle River Watershed 
EMERADO -97.36 47.90 6/18/1998 100000 0 
ARVILLA -97.50 47.90 6/12/2000 4000000 0 
LARIMORE -97.62 47.90 6/12/2000 4000000 0 
MEKINOCK -97.36 48.00 6/12/2000 1000000 0 
McCANNA -97.71 48.00 6/12/2000 0 4000000 
PETERSBURG -98.00 48.00 6/12/2000 2000000 12000000 
BOLACK (Merrifield) -97.15 47.90 9/26/2009 5000 25000 






Figure 6. Precipitation and discharge data of previous flash flood events (1996-2013) 
in Turtle River (gage at Turtle River State Park 05082625) and Forest River (gage at 



































































































 The hydrographs of both gages show the streamflow characteristics of both 
rivers (Appendix A).  It is clear that the events are the result of the intensive 
precipitation in the watershed.  
3.3 Data and Methods 
 FFPI were developed for each study area by averaging four physiographic data 
sets as introduced by Smith (2003). The process involved acquiring and developing 
raster (gridded) datasets of physiographic characteristics that determine the 
hydrologic response of a watershed. The datasets include a DEM to derive slope, land 
use to represent the urbanization, soil to represent the surface texture, and forest 
density to represent the interception of precipitation and runoff characteristics.  
The concept of this entire process was to assign relative flash flood potential 
index values ranging from 1 to 10 to each data layer. Each cell of all data layers was 
assigned a new cell value relative to the potential for flash flooding using ArcGIS 
10.3 (ESRI Redlands, California). Then the layers were averaged together to come up 
with a mean value for each cell of the output raster (Equation 1) using the raster 
calculator in ArcGIS. In this study, three different scenarios of FFPI were used to 
modify the original FFPI equation. Scenario 1 used the original equation. For scenario 
2, flow accumulation was added as an additional layer, and for scenario 3, different 
weights were assigned for each component datasets including flow accumulation. The 
weights were determined using the Analytical Hierarchy Process (AHP), a multi-
criteria decision making approach by Saaty (1977). A complete description of the 
process is provided later in the chapter.  
FFPI  = (M + L + S + V) /N       [1] 




L = land use 
S = soil 
V = forest/vegetation cover 
N = sum of weightings (All the parameters were equally weighted for this scenario. 
So the “N” number is 4 here) 
 The index is meant to identify areas with a high potential for flash floods. 
There are three main steps to obtain the final FFPI grid over the study areas:- (i) the 
creation of physiographic database; (ii) the reclassification of data; (iii) map algebra 
operations in raster formats of all physiographic layers. All the operations including 
gathering data, editing, data processing and map analysis were made with ArcMap 
version 10.2.2. Flash flood locations were obtained from National Oceanic 
Atmospheric Administration Strom Event Database for the both watersheds for the 
period 1996 to 2013. A field survey was conducted in Turtle River watershed at the 
same actual locations of flash flood events. Turtle River State Park was one of the 
major site locations that was covered during the quick field visit. The purpose of the 
visit was to record the actual locations and to see the evidence of major flash floods.   
3.3.1 Acquiring Data   
Soil 
Surface soil texture is an important factor in evaluating a flash flood threat. 
The infiltration of precipitation and catchment runoff characteristics depend on the 
surface soil texture. The percentages of sand and clay in the soil determine the soil 




high percentage of clay has low rate of infiltration. According to USDA soil texture 
triangle, 12 soil textures have been identified.  
Soil data (SSURGO data) were obtained from the Web Soil Survey (WSS) 
under the Natural Resource Conservation Service (NRCS) of U. S Department of 
Agriculture (USDA). The data were originally downloaded and exported as an ESRI 
shapefile. Tabular data was first imported in to the template database and then Soil 
Data Viewer, an extension of ArcMap was used to link the template database with the 
spatial map polygons. The Soil Data Viewer is a tool built as an ArcMap extension 
that allows a user to create soil based thematic maps. It was an easy way to compute a 
single value for a map unit and display results. Once the tabular data were linked with 
the attribute table of the soil shapefile, the shapefile was converted to a raster unit and 
displayed. 
Slope 
The project used elevation data in two different resolutions: 30 m and 3 m. For 
30 m elevation data, the DEM over the selected watersheds was from the National 
Elevation Dataset (NED). NED data were downloaded from the National Map 
Viewer. The NED is a seamless raster product of different resolutions primarily 
derived from USGS. NED data are distributed in geographic coordinates units of 
decimal degrees North American Datum of 1983 (NAD 83) and UTM zone14N. 
  For the 3 m analysis, elevation data derived from LiDAR were downloaded 
from the Red River Basin Decision Information Network. The Red River Basin 
Mapping Initiative (RRBMI) includes all or portions of all counties in Red River 
Valley in North Dakota, Minnesota and South Dakota. As a part of RRBMI project, 




view and download LiDAR data of the basin. 3 m DEM’s were downloaded from IWI 
LiDAR download portal for a HUC 12 sub basin of Turtle River watershed. The data 
are extensive for even small area. The areas and should be downloaded in small tiles. 
Originally, DEM’s were downloaded and the ArcMap Spatial Analyst extension was 













 Land use is the other physiographic dataset that is needed for FFPI.  Land use 
practices, in particular urbanization, have a significant influence on flash flooding 
(Smith 2010). Flash flooding is one of the prominent phenomenon caused by 
increasing impervious surfaces in the urban environment (Mhonda 2013). According 
to Carlson (2004), urbanization can increases runoff as much as 6 times over what 
would occur in natural terrain. The 2011 land use data were downloaded from the 
National Land Cover Dataset (NLCD) in 30 m resolution.  





Vegetation Cover  
Hydraulic response of a basin is determined by the vegetation cover (Smith 
2003). A dense canopy would tend to reduce the flash flood threat. The raster for 
forest density data were downloaded from the USGS Landscape Fire and Resource 
Management Planning Tools Project (LANDFIRE). The dataset expresses forest 
density as a percent of forest cover at a 30 m resolution. The data included many 
different components including biophysical settings, existing vegetation cover, 
vegetation height and type. For flash flood potential assessment, the vegetation cover 
data was used.   
Flow Accumulation 
 A flow accumulation raster was used as an additional data layer to FFPI. The 
result of flow accumulation is a raster of accumulated flow to each cell, as determined 
by accumulating the weight for all cells that flow in to each down slope cell (ESRI 
2014). To create the flow accumulation grid, the DEM’s of each watershed were filled 
to eliminate the sinks. A sink is a cell with undefined drainage direction; no cells 
around it are lower and sink is usually considered an error because of the resolution of 
the data or rounding of elevations to the nearest integer value (ESRI 2012). The 
Spatial Analyst toolset of Arc GIS was used to fill the DEM’s depressions, so the 
artificial pits do not hold water or drain in to a wrong cell to create a flow direction 
error. The filled DEM’s then were used to calculate the slope. A flow direction grid 
was generated which determines the flow direction of water from each grid cell to its 
steepest downslope neighbor (ESRI 2011). Then a flow accumulation grid was 




  All acquired datasets were then resampled to a consistent resolution. In this 
case, for 30 m analysis, datasets were resampled for 30 m and for Turtle River State 
Park and Town of Lankin watersheds the data were resampled to a 3 m resolution. 
Spatial Analyst toolset was used to complete the action. The resampled datasets were 
then projected in to a common projection to ensure a static geographic location for 










3.3.2 Re-classifying data 
After making sure all rasters were in common resolution and projection, they 
were reclassified. This simply means assigning a new range of values to the fields in 
raster layers. This is the most important part of the project because the new values 
should be assigned according to the degree of susceptibility of attributes for flash 
flooding in each layer. In this project the goal was to come up with an indexed value 
than ranges from 1 to 10 with 10 being the most and 1 being the least favorable for 
flash flooding. After reviewing the literature of flash flood potential.
Figure 8. Overlapping grid cells of each layer represents the exact same geographic 




After reviewing the literature of flash flood potential assessments and FFPI, a 
table was put together showing the FFPI values for the attributes of each parameter 
(Table 4). Then the Reclassify tool in ArcMap was used to assign the new values 
ranging from 1 to 10.  
Table 4. Assigned FFPI values on each dataset depending on the susceptibility for 
flash flooding (Smith, G. 2003; Brewster 2004; Kruzdl, 2010; Smith 2010; Zogg and 
Deitsch 2013; Minea, 2013)  
 
For the reclassification of the vegetation cover, the method used by Zogg and 
Dietcsh (2013)  was used because the data included the percentages in three different 
categories as tree cover, shrub cover and herb cover. Zogg and Dietsh (2013) in their 
reclassifying process, gave vegetation cover, tree cover, shrub cover and herb cover 
upper and lower bounds (Table 5). Then a common equation (Equation 2) was used 





Land Use Forest 
Cover 
Soil Type 
1 3% and below Water 90%-
100% 
Water/Alluvial 




3 9% Evergreen Forest 70%79% Sandy Loam 
4 12% Mixed Forest 60%-69% Silty Loam, Loamy 
sand 
5 15% Deciduous Forest 50%-59% Silt/ Organic Matter 
6 18% Pasture Hay, 
Cultivated 
40%49% Loam 
7 21% Developed/ open 
space, Barren Land 
30%-39% Sandy Clay Loam, 
Silty Clay Loam 
8 24% Developed/low 20%-29% Clay Loam, Sandy 
Clay 
9 27% Developed/medium 10%-19% Clay 





which incorporated the upper and lower bounds of each category and the LANDFIRE 
enumerated value (the value associated with the each data row in the downloaded 
dataset). 
Table 5. FFPI values assigned existing vegetation cover classes 
 Class 
Highest assigned FFPI value 
(H) 
Lowest assigned FFPI value      
(L) 
Tree Cover 5.5 2 
Shrub Cover 7 4 
Herb Cover 7.5 5 
 
FFPI = Lowest assigned FFPI +
Max.LANDFIRE #−X 
Max .  LANDFIRE #−Min LANDFIRE #
 (H − L)        [2] 
H = Highest assigned FFPI value 
L = Lowest assigned FFPI value 
The flow accumulation grid was reclassified to 10 categories with equal 
intervals. Low FFPI values were assigned to lower cell values and high index values 
to high cell values in the flow accumulation raster. 
3.3.3 Map Algebra Operation 
 After reclassification of all the data sets, the Raster Calculator in ArcGIS was 
used to perform the map algebra operations in calculating FFPI in each study site with 
different resolutions. The primary objective of this step was to average the layers 
together to construct a single gridded output of relative flash flood potential. This 
process was done in several scenarios. The first scenario used the original method and 
data used by Smith (2003) in CRBFS (Equation 1) which averaged four physiographic 
datasets. For scenario 2, the flow accumulation layer was used in addition to four 
physiographic datasets. In this case, equation 1 was used with flow accumulation (A) 




FFPI = (M + L + S + V + FA) /N                                    [3] 
M = slope 
L = land use 
S = soil 
V = forest/vegetation cover 
FA = flow accumulation 
FA = flow accumulation 
N = sum of weightings (All the parameters were equally weighted for this scenario. 
So the “N” number is 5 here) 
Scenario 3 used a weighted formula. The Analytical Hierarchy Process (AHP), 
a multi-criteria decision making approach by Saaty (1977) was used to arrange the 
weighst in each attribute. AHP is a decision support tool that can be used to solve 
complex decision problems by arranging the factors that are important for a decision 
in a hierarchical structure. It uses a pairwise comparison of each criterion is used to 
determine the relative importance on each alternative in terms of each criterion over 
another by a decision matrix. In this approach, the decision maker has to express 
his/her opinion about the value of one single pairwise comparison at a time. The pair 
wise decisions were decided depending on the parameter weights of previous studies 
and prevailing conditions of the study area. All numerical values from this pairwise 
comparison were then processed and compared over the entire range to determine the 
numerical weight or priority of each element of the hierarchy. Finally, numerical 




AHP spreadsheet was used to input the criterion and it automatically calculated the 
consistency ratio and weights as a percentage for each of the criterion (Figure 9). 
Equation 1 was rearranged with the weights determined by AHP (Equation 4) 
 
FFPI = [(M*1.38) + (L*1.12) + (S*1.14) + (V*1.12) + (FA*1.23)] /N       [4]     
Where 
M = slope 
L = land use 
S = soil 
V = forest/vegetation cover 
FA = flow accumulation 
   Author Dasuni Ranapathi Arachchige      
               
Date 1/23/2015            
               
               
Table Element Comment  Weights 
 1 Slope Comment 1   38% 
 2 Land cover Comment 2   12% 
 3 Land use Comment 3   12% 






  23% 
 6 Criterion 6       
 7 Criterion 7       
 8 Criterion 8       
               
                            
   Eigen value     Lambda  5.390    
                 
   Consistency Ratio    CR   8.7%    
                            
               




N = sum of weightings (The “N” number is 7) 
3.4 Analysis 
The FFPI analysis was done in three different scenarios in two different 
resolutions. Each scenario used different equations and there are some changes in 
parameters used as well (Table 6). 
Table 6. 3 FFPI Scenarios – Equations and parameters used 
 
3.5 Error Analysis 
 Actual flash flood locations from the NWS were used to perform the error 
analysis. The flash flood locations were are sometimes reported as the center of 
towns, or just with the location of towns. Furthermore, flash floods can occur over an 
extensive area, and not just at a single point. Therefore, 500 m and 1 km buffers were 
created around each flash flood point due to the uncertainty of the point locations and 
then the FFPI values of each buffer were extracted to get the highest FFPI values 
within the buffers. ArcMaps’s Buffer Tool and Extract to table tool were used to 
complete this task. Then the tables of each buffer were exported to MS Excel and the 
frequency statistics were generated in SPSS 2009. The cumulative percentages were 
calculated from 1-100 percent in SPSS and exported to Excel again to create 
cumulative percentage graphs. The highest FFPI values were then recorded on each 
Scenario # Equation used Parameters used  Resolutions used 
1 (M + L + S + V)/N 
Slope, land use, soil, 
vegetation cover  30 m and 3m 
2 
(M + L + S + V+ 
FA)/N 
Slope, land use, soil, 
vegetation cover and 
flow accumulation  30 m and 3m 
3 
[(M*0.38) + (L*1.12) 
+ (S*1.14) + 
(V*1.12) + 
(FA*1.23)]/N 
Slope, land use, soil, 
vegetation cover and 




flash flood point and plotted on the cumulative graphs. This was done for each flash 
flood point for each scenario. The purpose of this process was to look at the 
effectiveness in identifying the potential of flash flooding based on the previous flash 
flood events.  
 These cumulative graphs were also used to determine a threshold cutoff value 
in the index. This threshold is a particular value in the index and the values above this 






4.1 FFPI Parameters 
 The FFPI process uses five physiographic parameters: soil, slope, land use, 
vegetation cover and flow accumulation. All the parameters were reclassified 
individually according to the susceptibility for flash flooding. 
4.1.1 Soil 
A total of 12 soil textures was identified in the Turtle River and Forest River 
watersheds (Table 7). The soil types were given a rank/index value depending on the 
infiltrating capacity of each soil type. (Figure 10 and 11).  
Table 7. Types of soils in the study area and the indexed values based on the 
previous studies 








Forest River watershed  Index Value 
Fine sandy loam 3 
Sandy loam 3 
Loamy fine sand 3 
Silt loam 4 
Extremely gravelly loamy coarse sand 5 
Slightly decomposed plant material 5 
Loamy sand 5 
Loam 6 
Silty clay loam 7 
Clay loam 8 


















  In the Turtle River watershed, the slope percent ranges from 1-40 percent 
(Figure 12) and in the Forest River watershed from 1-54 percent (Figure 13). 
According to the previous applications of FFPI, slopes less than 3 percent are less 
susceptible for flash flooding and the slopes above 30 percent are more susceptible for 
flash flooding depending on the effect on run off velocities. (Smith 2003; Brewster 
2004; Kruzdlo 2010; Smith 2010; Minea 2013; Zogg and Deitsch 2013).  
4.1.3 Land Use  
 The land use data for both watersheds shows a distribution of 15 land use 
types. The main purpose of having this data layer was to determine the influence of 
urbanized or developed land surfaces for flash flooding. The developed land use types 
were given high index values (Table 8) (Figure 14 and 15).  
Table 8. Land use types of the study area and the indexed values  
Land Use Type Index Value 
Emergent herbaceous wetland 1 
Open water 2 
Herbaceous  2 
Woody wetland 2 
Evergreen forest 3 
Mixed forest 4 
Deciduous forest 5 
Hay/pasture 5 
Cultivated crops 5 
Shrub/scrub land 6 
Developed open space 7 
Developed low density 8 
Barren land 8 
Developed medium intensity 9 



















Figure 14. Land use and the reclassified land use of Turtle River and Turtle River 
















4.1.4 Vegetation Cover 
The data used for existing vegetation cover included different components 
such as biophysical settings, existing vegetation cover, height, and type. For FFPI use, 
the existing vegetation cover data were used. Three main classifications of the 
vegetation cover were identified as tree cover, shrub cover, and herb cover. After 
using the method used by Zogg and Deitsh (2013),), each of these vegetation cover 
classes (binned into 10 discrete classes at 10 percent intervals) vegetation cover were 
assigned FFPI values (Table 9) (Figure 16 and 17).  
Table 9. Vegetation cover of the study area and indexed values 







4.1.5 Flow Accumulation 
 Flow accumulation is the additional parameter used in this study apart from 
the four physiographic layers in other FFPI studies. The flow accumulations derived 
from DEM’s of each watershed were classified in to 10 classes of equal intervals and 
ranked/indexed from 1 to 10, with 1 being the lowest accumulation class and 10 being 
the highest accumulation class (Figure 18).   
Type Cover FFPI value 
Tree Cover 20% 6 
  30% 5.5 
  40% 5 
  50% 4.5 
  60% 4 
  70% 3.5 
  80% 3 
  90% 2.5 
Shrub Cover 20% 8 
  30% 7.5 
  50% 7 
Herb Cover 50% 6 
  80% 6 
  90% 5.5 






Figure 16. Vegetation cover and the reclassified vegetation cover of Turtle River and 





Figure 17. Vegetation cover and the reclassified vegetation cover of Forest River and 




Figure 18. Reclassified flow accumulation of Forest River, Town of Lankin, Turtle 





4.2 FFPI Analysis 
For the FFPI analysis, the 95th percentile or greater in cumulative graphs was 
used as a threshold cutoff FFPI. This breakpoint value represents the areas with the 
highest potential for flash flooding. The 95th percentile was chosen after averaging the 
cumulative graphs of each watershed and each scenario. The cumulative graphs show 
a trend of being static in the upper ends of the graphs after 95th percentile. 
Considering that, 95th percentile was decided as the threshold cutoff and the value that 
falls on the 95th percentile of each graph were recorded (Figure 19-22). The value 
associated with the 95th percentile varies with the watershed and scenario (Table 10).  
Table 10. Values that are associated with 95th percentile in each watershed and 
scenario (examining the cumulative graphs) 
FFPI Values Associated with each Watershed and Scenario 








Town of Lankin 
Watershed 
Scenario 1 4 4 5 5 
Scenario 2 4 4 5 4 
Scenario 3 3 4 5 3 
 
For the initial analysis, the attribute tables of all the watersheds in each 
scenario from ArcMap were exported to Excel worksheets to calculate the actual area 
and the percentages associated with index values individually (Appendix B). Then the 
values above the thresholds (Table 10) considered to have a high potential for flash 
flooding were summed to come up with a total area having high potential for flash 































Figure 19. Turtle River Watershed Cumulative distribution graphs with 
highest FFPI values (extracted from 500 m and 1 km buffers) of each flash 





























































































 Figure 20. Forest River Watershed cumulative distribution graphs with highest 

















































































































Figure 21. TRSP Watershed cumulative distribution graphs with highest FFPI 




































































Figure 22. Town of Lankin Watershed cumulative distribution graphs with 


























4.2.1 Scenario 1  
  FFPI values in the Turtle River Watershed area ranged from 1 to 7 (Figure 
23). The Forest River Watershed FFPI values ranged from 1 to 6. In the 3 m analysis, 
the Turtle River State Park watershed values ranged from 1 to 8 and Town of Lankin 
watershed values were from 1 to 9 (Figure 24) In Turtle River, the FFPI value 
associated with the 95th percentile is ≥ 4 and represents an area of 193.1 km2 of total 
land surface above the 95th percentile. That is 23.92 percent of the total study area 
(Table 12). The Forest River watershed represents an area of 129.2 km2 and 5.4 
percent of the total land of the study area fell above the 95th threshold (Table 11) 
(Figure 23). In the 3 m analysis, the Turtle River State Park watershed represents an 
area of 6.26 km2 that falls above the threshold of flash flood potential. This is 7.0 
percent of the total watershed (Figure 24). The Town of Lankin watershed shows an 
area of 11.25 km2 above the threshold index or is 9.9 percent of the total surface of 
the watershed (Figure 24). 
4.2.2 Scenario 2 
 FFPI scenario 2 used flow accumulation as an additional layer to four main 
physiographic layers. The flow accumulations derived from DEMs of all watersheds 
were reclassified to 10 equal classes. The FFPI range for both Turtle River and Forest 
River watersheds was from 1 to 7 (Figure 25) in the 30 m analysis. The Turtle River 
watershed represents an area of 287.6 km2 or 35.7 percent of the total watershed and 
The Forest River watershed represents 535.06 km2 or 22.7 percent (Figure 25) of  the 
total watershed that falls above the threshold breakpoint value (≥4 in the index) 




Table 11. FFPI scenario 1- percent FFPI values watershed area (30 m and 3 m     
analysis) 
 
 In the 3 m analysis, the FFPI values ranged from 1 to 7 in the Turtle River 
State Park watershed and from 1 to 8 (Figure 26) in the Town of Lankin watershed. 
The Turtle River State Park watershed represents 4.1 km2 of area falls above the 95th 
threshold. That is 4.6 percent of total watershed. Town of Lankin watershed has a 
FFPI ranges from 1 to 9 (Figure 26) and the watershed has an area of 18.1 km2 or 14.4 
percent of total watershed falls above the threshold (Table 12).  
4.2.3 FFPI Scenario 3 
 Scenario 3 used the weighted equation (Equation 4). In the Turtle River 
watershed for 30 m analysis, the values ranges from 1 to 8 (Figure 27), and an area of 
247.4 km2 or 30.7 percent represents values of 4 or more in the index which is the 95th 
percentile cut off. Forest River watershed represents 650.1 km2 of the total watershed 
falls above threshold value of 4 out of the value range of 1 to 10 in FFPI index (Figure 
Turtle River watershed 30 m analysis-  FFPI Scenario 1 
FFPI Threshold of 95th percentile Area (km2) Percentage  
Threshold ≥4 193.1 23.92 
Threshold <4 613.8 76.08 
Total 806.9 100 
Forest River watershed 30 m analysis-  FFPI Scenario 1 
Threshold ≥4 129.22 5.38 
Threshold <4 2267.78 94.62 
Total 2397 100 
Turtle River State Park watershed 3 m analysis - FFPI Scenario 1 
Threshold ≥5 6.26 7.04 
Threshold <5 83.24 92.96 
Total 89.5 100 
Forest River watershed 3 m analysis - FFPI Scenario 1 
Threshold ≥5 11.25 8.94 
Threshold <5 114.65 91.06 




Table 12. FFPI scenario 2- percent FFPI values of the watershed area (30 m and 3 m 
analysis) 
Turtle River watershed 30 m analysis-  FFPI Scenario 2 
Index Value Area (km2) Percentage  
Threshold ≥4 287.56 35.65 
Threshold <4 519.34 64.35 
Total 806.6 100 
Forest River watershed 30 m analysis-  FFPI Scenario 2 
Threshold ≥4 535.06 22.71 
Threshold <4 1861.94 77.29 
Total 2397 100 
Turtle River State Park watershed 3 m analysis - FFPI Scenario 2 
Threshold ≥4 4.13 4.6 
Threshold <4 81.37 95.4 
Total 89.8 100 
Forest River watershed 3 m analysis - FFPI Scenario 2 
Threshold ≥4 18.07 14.36 
Threshold <4 107.73 85.64 
Total 125.8 100 
 
27). That is a total of 27.1 percent of the watershed. Under 3 m analysis, the Turtle 
River State Park watershed has a FFPI value range of 1 to 9 (Figure 28) and 8.2 km2 
that represents 9.2 percent of the watershed area falls above the 95th percentile 
threshold.  Town of Lankin watershed represents an area of 13.4 km2 or 10.7  percent 
of total watershed falls under 5 or above category out of a value range of 1 to 7 
(Figure 29) in FFPI index (Table 13).  
Table 13. FFPI scenario 3- percent FFPI values of the watershed area (30 m and 3 m 
analysis) 
Turtle River watershed 30 m analysis-  FFPI Scenario 3 
Index Value Area ( km2) Percentage  
Threshold ≥4 247.43 30.65 
Threshold <4 559.47 69.35 
Total 807.1 100 
Forest River watershed 30 m analysis-  FFPI Scenario 3 
Threshold ≥4 650.05 27.11 
Threshold <4 1746.95 72.89 





Comparing the results by 30 m analysis for both watersheds in three different 
scenarios, scenario 2 has identified a high percentage of flash flood potential areas 
that falls above the 95th percentile threshold except for in the Turtle River watershed. 
In scenario 1, the percentage is 23.9 and in scenario 2, it is 35.7, which is the highest 
percentage of all scenarios; the difference of total percentages between the two 
scenarios is 11.7.  Scenario 1 represents the lowest percentage above threshold value 
for the Turtle River watershed. The Forest River Watershed has the highest 
percentage in scenario 3 above threshold and the lowest is scenario 1. The difference 
between highest and the lowest is 21.7. In both Turtle and Forest River watersheds, 
scenario 1 shows the lowest percentages of FFPI that falls over the 95th threshold. The 
difference between the percentages of scenario 2 and 3 is only around 5 percent for 
both watersheds in the 30 m analysis.    
 According to the 3 m results, the Turtle River State Park watershed has the 
highest percent above threshold in scenario 3 and that is 9.2 percent of the total 
watershed. The lowest percentage is 4.6, which is under scenario 2. The Town of 
Lankin watershed represents the highest percentage of values that fall above 95th 
percentile threshold in scenario 2 which is 14.4 percent of total watershed and lowest 
is under scenario 1, which is only 9.0 percent of the watershed.  
Turtle River State Park watershed 3 m analysis - FFPI Scenario 3 
Threshold ≥4 8.2 9.16 
Threshold <4 77.3 90.84 
Total 89.5 100 
Forest River  watershed 3 m analysis - FFPI Scenario 3 
Threshold ≥4 13.43 10.67 
Threshold <4 112.37 89.33 




4.3 Error Analysis 
The cumulative distribution graphs of each scenario for all watersheds were 
incorporated with the highest FFPI values of each NWS flash flood location. The 500 
m and 1km buffers around each location were used to extract the FFPI values and 
highest values of each location were selected to be plotted on the cumulative curve 
(Appendix C). 
 The Turtle River watershed represents high FFPI values ranging from 4-7 of 
all the locations (Figure 19). In scenario 1 and 3, buffers have identified the highest 
value as 7, and most importantly Turtle River State Park site (which experienced 
severe flash flooding in 2000) was associated with that highest value in all three 
scenarios (Figure 21). Overall, the high FFPI values were clustered in the upper end 
of the cumulative distribution plots for all three scenarios.  
 In the Forest River watershed, highest values for scenario 1 ranges from 5-6 
and scenario3, from 5-9 (Figure 20). Those high FFPI values are found in the upper 
ends of the cumulative plots generally above 95th percent. Scenario 2 represents a 
wide range of values ranging from 1 to 6 that is distributed from 1 percent to 100 
percent on the cumulative distribution curve. 500 m and 1 km buffers show a 
noticeable difference between the highest FFPI value records. For example, in Gilby, 
1 km buffer has a high FFPI value recorded as 5 and 500 m buffer has a highest value 
recorded as 1. So when plotted, the points show a scattered distribution on the graph.  
  In the 3 m analysis, both watersheds had only one flash flood point in each. So 
the 500 m and 1 km buffer extraction was run on both points and plotted on the 
cumulative distribution graphs for each scenario. The Town of Lankin watershed had 




22). However, the cumulative curves show the highest value of 9 in scenario1, and 8 
in other two scenarios for the entire watershed.  
 Turtle River State Park watershed represents the high FFPI values as 8, 7 and 
9, respectively, in three scenarios (Figure 21). In 500 m and 1 km buffers, the highest 
values falls on the upper edge of the cumulative graph in all three scenarios. Turtle 
River State Park is an important site because of the severe flash flood event in 2000. 
Comparing with the other sites, Turtle River State Park falls at the 100 percent range 
on the cumulative distribution graphs in each scenario and 3 m resolution analysis is 
showing the same result.  
 However, the output of the error analysis is helpful to identify the most 
effective scenario that applies to the study area based on previous events. Table 15 
shows the number of correctly identified actual flash flood locations in each scenario.   
Table 14. Number of flash flood points that are above the 95th cutoff threshold. 
Flash flood points falling above the 95th percentile 
Watershed Scenario 1 Scenario 2 Scenario 3  
Turtle River (30 m) 8/8 8/8 8/8 
Forest River (30 m) 8/8 5/8 7/8 
Turtle River State Park (3 m) 1/1 1/1 1/1 























Figure 5. FFPI of Turtle River State Park and Town of Lankin Watersheds – 
scenario 1 (3 m analysis) 
Figure 24. FFPI of Turtle River State Park and Town of Lankin watersheds – scenario 

























Figure 26. FFPI of Turtle River State Park and Town of Lankin watersheds – scenario 
























Figure 28. FFPI of Turtle River State Park and Town of Lankin watersheds – scenario 







The FFPI was originally designed for mountainous or hilly landscapes where 
flash flooding is more common compared to flat low lying terrains. The study area is 
an essentially flat area with very low ruggedness. The spatial FFPI maps of the Turtle 
River and Forest River watersheds represent the areas that may have a high potential 
of flash flooding. However the results vary between the study sites, resolutions used, 
and the chosen scenario. Error analysis traces the previous flash flood events in the 
study area based upon the FFPI model.  
5.1 Scenario 1 
 From the analysis of the map of scenario 1, it was found the low classes that 
are below the decided threshold holds the largest share, with 76 percent of the Turtle 
River catchment area and 94 percent of the Forest River catchment area in the 30 m 
analysis. For 3 m analysis also the greatest shares the low FFPI values, 93 percent of 
TRSP sub watershed and 91 of Town of Lankin sub watershed. Above threshold 
values account a smaller portions of each watershed as 24 percent of total Turtle River 
watershed, 5 percent of Forest River watershed, 7 percent of TRSP sub watershed, 
and 9 percent of Town of Lankin sub watershed.  




FFPI map of scenario 2, with the attribution of flow accumulation represents 
higher percentage of high risk potential areas in each watershed compared to scenario 
1. However the below threshold values contribute the larger share as 64 percent of 
Turtle River watershed, 77 percent of Forest River Watershed, and from sub 
watersheds the TRSP watershed represents an area of 81.37 km2 (95.4 percent), which 
is a larger area than scenario 1 represents. The Town of Lankin has 85 percent of the 
watershed below the low threshold values. The areas above the threshold has been 
increased in this scenario compared to the previous scenario except in the TRSP 
watershed. This difference is quite significant. In terms of percentages, the Turtle 
River Watershed had 36 percent of the watershed above the threshold FFPI values, 
which is quite high. The Forest River watershed has had 23 percent, area above 
threshold and in the Town of Lankin watershed had had a percentage of 5 above 
threshold which is 2 percent less than scenario 1.  
5.3 Scenario 3 
 The weighted parameters of scenario 3 show the greatest share of low FFPI 
values of all watersheds. Looking at the total areas and the percentages above 
threshold values of the watersheds, the Turtle River (31 percent) and Town of Lankin 
watersheds (11 percent) lie between scenario 1 and 3. In the Forest River watershed 
(27 percent) and TRSP sub watershed (9 percent), scenario 3 represents the highest 
area and percentages of all the scenarios.  
 These results show good correlation with the study by Minea (2013) in the 
Basca River catchment, who found that the largest share of the watersheds were held 
by low values of the FFPI index. In that study, he used 18 sub catchments. The high 
FFPI values were associated with steep stream banks incorporated with urban or 




Manvel and Petersburg are located within the high flash flood potential areas (Figure 
29) and in the Forest River watershed, Lankin, Minto, Forest River, and Fordville are 
located within areas of high flash flood potential (Figure 30). The Grand Forks Air 
Force base location has a significant portion of impervious surfaces and is also 
identified as a high flash flooding potential. Minea (2013) and Zogg and Deitsch 
(2013) also identified concentrations of high FFPI values in the areas adjacent to 
populated or urbanized areas in and inside of river channels. Bently (2011) identified 
a correlation of urban impervious surfaces and high flash flood potential in his study.  
When flow accumulation was incorporated as an additional layer, the high FFPI 
values are also concentrated with the high accumulation of water flow. Scenario 2 
represents a much larger area of high values that correlates with the flow 
accumulation. So it is obvious that topography and land use are the most driving 
factors of all other parameters.  
Based upon the above results, Turtle River and Forest River watersheds in 30 
m analysis represents effective results under scenario 1. Through the error analysis, 
scenario 1 shows all the flash flood points are at or above the 95th cutoff percentile. In 
Scenario 2 and 3, Turtle River State Park, which is a known critical flash flooding 
point, falls on the 100th percentile. The Forest River watershed FFPI results show that 
scenarios 1 and 3 have effectively mapped the flash flood potential compared with the 
historical event sites. All the event sites locate above the 95th threshold. The unique 
physiographic conditions of each watershed has made a difference in the results. 
Scenario 2 is not very effective in predicting the potential for flash flooding because 
the flooding locations show a very scattered distribution along the cumulative curve.  
The 3 m analysis of the study was identified as more effective in identifying 




study areas were effective in identifying the most critical areas of flash flooding. 
Again the Turtle River State Park comes in a very critical place in all the scenarios. In 
Town of Lankin watershed, scenario 1 has effectively mapped the flash flood 
potential. Lankin, a known flash flood location, is placed on the value 8 of the index.  
Comparing the scenarios used in the study, scenario 1 has accurately predicted 
the potential for flash flooding depending on the error analysis (Figure 30 and 31). It 
shows all the flash flood points above the 95th percentile (Table 15). Scenario 3 can be 
ranked in the second position and scenario 2 as the lowest. However, the results 
between the scenarios do not show a drastic difference in cumulative analysis. But 
when comparing the maps, scenario 2 and 3 of each watershed show a larger area or 
percentage of high FFPI than scenario 1. Scenario 2 has the highest percentages of all 
the scenarios above 95th threshold. Most likely, the flow accumulation plays a 
significant role in this scenario. Because the high values are concentrated in the areas 
adjacent to the Red River, that has a high flow accumulation.     
Overall the model/index is much sensitive to the slope and flow accumulation 
followed by land use characteristics. The behavior of Turtle River State Park as a 
flood location in 30 m and 3 m analysis provides the evidence. Because, in the 3m 
analysis, the DEM used is more detailed than the other layers used (the other layers 
were only resampled to new resolution, but for topography data was from LiDAR 
DEMs). Fine topography is identified as a driving factor of the model of all the other 
data used. Specially, the study area being comparatively flat with the study areas of 
previous studies, the model is very sensitive to any change of the elevation, and thus 
the slope.  The previous FFPI studies were carried out in areas of complex landscape, 




Previous FFPI studies show more qualitative results other than any 
quantitative analysis and Brewster (2004) and Kruzdlo (2010) suggest that future 
improvements of the index should include a quantitative interpretation of FFPI results. 
This study provides quantitative results of the high and low flash flood potential areas 
based on a determined threshold value based on the previous flash flood events of the 
study areas. However the index provides satisfactory results in mapping the flash 
flood potential in a portion of Red River Valley. Scenario 1 FFPI maps correlate well 
with the reference events and thus can be used as a flash flood risk map.  
 Although it reflects the reality of the field, this is not a completely error-free 
study. The historical flash flood events had an uncertainty of their actual location 
records. Flash flooding cannot confined to in a single point on the earth. Due to the 
lack of specific location data, the actual inundations could not be mapped and the 
buffer analysis was performed instead.  
If the FFPI can be used as a flash flood hazard potential map of a portion of 
the Red River Valley, there are many other attributes that can make the result more 
accurate. Precipitation and soil moisture conditions can be incorporated into the index 
to make FFPI a more effective tool. For a future study, real time rainfall data would 
be a good input to generate with flash flood risk maps for the area and can also be 
used as a supporting tool for FFG and GFFG.          
5.4 Limitations 
 The major limitation was the availability from the literature on modifications 
of FFPI. All the previous studies had most likely the same format and methods 
introduced by Smith (2003). So this study referred to various other studies and models 




terrain functions when the add-ins were determined. As explained above, topography 
and land use are the primary driving parameters. More detailed DEM’s should give 
much more accurate results. Due to the size of watersheds, precise DEM’s could not 

























































































































































































































































 The objectives of this study included: 1) identify critical areas of the Turtle 
River and Forest River watersheds of the upper Red River basin that have a high 
potential for flash flooding using FFPI; 2) evaluate the sensitivity of this index to 
different resolutions of digital elevation models of 30 m and 3 m; 3) evaluate the 
effectiveness and applicability of the FFPI model compared with historical events that 
have occurred in the two watersheds. 
This study shows FFPI is an accurate model in mapping the flash flood 
potential in flat low lying landscapes. Scenario 1 of the model correctly identified 100 
percent actual flash flood locations in Turtle River and Forest River watersheds. 
Physiographic features play a significant role in assessing flash flood potential. The 
run off of a watershed is highly attenuated by physiographic characteristics. The 
highest potentials were mapped in the areas where the high index values of all data 
layers were concentrated. With the use of flow accumulation as an additional layer, 
the index has identified a new area that has a high potential for flash flooding. 
Although that area did not correspond well with the previous flash flood locations, it 
might be good to observe with future flash flood events. Overall the goal of mapping 
areas susceptible for flash flooding was practically achieved. The output of this study 
can lead to get better understanding of vulnerable areas for flash flooding in Turtle 




boards, and other local officials who are responsible for making communities more 
flash flood resilient. 
The second objective was to evaluate the sensitivity of the index for the 
resolution of the data used. The study used 30 m resolution DEM’s and 3 m resolution 
DEM’s. The results clearly show the 3 m resolution data is much more detailed in 
mapping the flash flood potential. Especially since the model is sensitive to 
topographic characteristics such as slope, finer resolutions give better results. 
Although this study performed the 3 m analysis in a small portion of both watersheds, 
a significant difference was obtained from the 30 m analysis.  
The accuracy and applicability test used the previous flash flood events from 
1996-2013 as reference points. This analysis provides a quantitative analysis of the 
effectiveness of FFPI for is use in flat areas based upon the previous flash flood event 
locations of the study area. The previous events correlated well with the mapped flash 
flood potential sites.  
Nevertheless, there are some possible errors encountered by the assumptions 
and by the limits imposed by resolution. The vegetation cover data were only 
considered by the percentage of covering the surface, but the type of vegetation 
should also be considered in applying this model. The finest resolution should give 
much more effective results. However, some additional work on the index will give 
highly accurate and reliable results. Future work could incorporate the soil moisture 
conditions, precipitation, and runoff amounts to make FFPI a powerful tool for use by 



































Hydrographs Associated with flash flood events in Forest River Watershed from 
































Turtle River Watershed FFPI Scenario 1 - 30 m analysis (watershed area 807 sq. 
km) 
Index Value Number of Cells 
Actual Area 
(sq. km) % of Total Area 
1 9971 8.97 1.11 
2 62067 55.86 6.92 
3 610068 549.06 68.04 
4 117525 105.77 13.11 
5 40094 36.08 4.47 
6 56201 50.58 6.27 
7 740 0.67 0.08 
Total  806.99 100 
Turtle River Watershed FFPI Scenario 2 - 30 m analysis  (watershed area 807 sq. 
km) 
Index value Number of Cells Actual Area % of Total Area 
1 156080 140.47 17.42 
2 127541 114.79 14.23 
3 293089 263.78 32.70 
4 166426 149.78 18.57 
5 93674 84.31 10.45 
6 58751 52.88 6.56 
7 701 0.63 0.08 
Total  806.64 100 
Turtle River Watershed FFPI Scenario 3 - 30 m analysis  (watershed area 807 sq. 
km) 
Index value Number of Cells Actual Area % of Total area 
1 11604 10.44 1.29 
2 610293 549.26 68.05 
3 181720 163.55 20.26 
4 81876 73.69 9.13 
5 8117 7.31 0.91 
6 2551 2.29 0.28 
7 613 0.55 0.068 
8 52 0.05 0.01 










Forest River Watershed FFPI Scenario 1 - 30 m analysis (2400 sq. km) 
Index Value Number of Cells Actual Area (sq. km) % of Total Area 
1 20084 18.08 0.75 
2 358385 322.55 13.45 
3 2142913 1928.62 80.41 
4 115071 103.56 4.32 
5 27787 25.01 1.04 
6 720 0.65 0.03 
Total  2398.46 100 
Forest River Watershed FFPI Scenario 2 - 30 m analysis (2400 sq.km) 
Index Value Number of Cells Actual Area (sq. km) % of Total Area 
1 4134 3.72 0.16 
2 199555 179.59 7.49 
3 1865849 1679.26 70.04 
4 547961 493.15 20.57 
5 45693 41.12 1.72 
6 856 0.77 0.03 
7 10 0.01 0.0 
Total 2397.65 100 
Forest River Watershed FFPI Scenario 3 - 30 m analysis  (watershed area2400 
sq,km) 
Index value Number of Cells Actual Area (sq. km) % of Total Area 
1 3629 3.27 0.14 
2 154457 139.01 5.79 
3 1783686 1605.32 66.95 
4 601541 541.39 22.58 
5 76977 69.28 2.88 
6 21705 19.54 0.82 
7 16507 14.86 0.62 
8 4967 4.47 0.19 
9 574 0.52 0.02 
10 15 0.01 0.00 










Turtle River State Park Watershed FFPI Scenario 1 - 3 m analysis (watershed 
area 89 sq. km)  
Index Value Number of Cells Actual Area (sq. km) % of Total Area 
1 8563 0.08 0.085 
2 517082 4.65 5.20 
3 5504373 49.54 55.37 
4 3215157 28.94 32.34 
5 415001 3.74 4.17 
6 228301 2.06 2.30 
7 48728 0.44 0.49 
8 4553 0.04 0.05 
Total Area 89.46 100 
Turtle River State Park Watershed FFPI Scenario 2 - 3 m analysis (watershed 
area 89 sq. km)  
Index Value Number of Cells Actual Area (sq. km) % of Total Area 
1 205231 1.85 2.06 
2 919590 8.28 9.23 
3 8017769 72.16 80.48 
4 360665 3.25 3.62 
5 379460 3.42 3.81 
6 76415 0.69 0.77 
7 3231 0.03 0.03 
Total Area 89.66 100 
Turtle River State Park Watershed FFPI Scenario 3 - 3 m analysis (watershed 
area 89 sq. km)  
Index Value Number of Cells Actual Area (sq. km) % of Total Area 
1 24732 0.22 0.25 
2 5421190 48.79 54.53 
3 3584720 32.26 36.06 
4 388652 3.50 3.91 
5 185251 1.67 1.86 
6 139822 1.26 1.42 
7 168320 1.5 1.69 
  27054 0.24 0.27 
  2017 0.02 0.02 










Town of Lankin Watershed FFPI Scenario 1 - 3 m analysis 
Index Value Number of Cells 
Actual Area (sq. 
km) % of Total Area 
1 4728 0.04 0.03 
2 289546 2.61 2.07 
3 3699158 33.29 26.47 
4 8732911 78.60 62.48 
5 779083 7.01 5.57 
6 387544 3.49 2.77 
7 77340 0.70 0.55 
8 6467 0.06 0.05 
9 81 0.000729 0.000579529 
Total Area 125.79 100 
Town of Lankin Watershed FFPI Scenario 2 - 3 m analysis 
Index Value Number of Cells 
Actual Area (sq. 
km) % of Total Area 
1 382874 3.45 2.74 
2 12101224 108.91 86.58 
3 1279336 11.51 9.15 
4 188284 1.70 1.33 
5 24407 0.23 0.18 
6 345 0.003105 0.002468426 
7 50 0.00045 0.000357743 


















Maximum FFPI values of 500 m and 1000 m buffer analysis. 
Turtle River Watershed 30 m 
Scenario 1 
Location Max. FFPI - 500 m 
Max. FFPI - 1000 
m 
Emerado 6 7 
McCanna 5 5 
Larimore 6 6 
TRSP 6 7 
Mekinok 6 6 
Petersburg 7 7 
Bolack 5 6 
Forest River Colony 4 6 
Manvel 6 6 
Scenario 2 
Emerado 4 5 
McCanna 4 4 
Larimore 4 4 
TRSP 6 7 
Mekinok 5 5 
Petersburg 5 5 
Bolack 3 4 
Forest River Colony 3 4 
Manvel 4 4 
Scenario 3 
Emerado 4 5 
McCanna 4 4 
LarimoreLatimore 4 4 
TRSP 6 7 
Mekinok 5 5 
Petersburg 5 5 
Bolack 3 4 
Forest River Colony 3 4 









Forest River Watershed 30 m 
Scenario 1 
  Max.FFPI 500 Max.FFPI 1000 
Minto 4 5 
Johnstown 5 5 
Gilby 5 5 
Honeyford 5 5 
Lankin 5 6 
Fordville 6 6 
Pisek 5 5 
Michigan City 4 5 
Frisdale 5 5 
Park River 4 5 
Scenario 2 
Minto 3 4 
Johnstown 1 5 
Gilby 1 5 
Honeyford 1 5 
Lankin 2 5 
Fordville 5 6 
Pisek 1 6 
Michigan City 1 5 
Frisdale 1 4 
Park River 3 5 
Scenario 3 
Minto 5 5 
Johnstown 5 5 
Gilby 5 9 
Honeyford 5 9 
Lankin 5 9 
Fordville 9 9 
Pisek 6 6 
Michigan City 5 5 
Frisdale 5 5 
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